Introduction {#Sec1}
============

Modern pars plana vitrectomy would be inconceivable without sufficiently bright illumination of the vitreous cavity. However, it is well known that the visible radiation poses a very high risk to the retina \[[@CR1]--[@CR14]\]. Especially, light with a wavelength below 500 nm \[[@CR2], [@CR10], [@CR15], [@CR16]\] has a particularly high potential to damage the photoreceptors and the retinal pigment epithelium (RPE) \[[@CR14], [@CR17]\]. White light usually has a high proportion of this wavelength range, so daylight at midday \[[@CR4], [@CR18]\], for example, can cause visible damage to the retina within just a few minutes. Experiments with rhesus monkeys using the illumination of an ophthalmoscope have already shown damage to the photoreceptors and changes to the RPE after 15 min \[[@CR18]\]. Frequent investigations with light-emitting diode (LED) lighting systems have shown a particularly high risk potential at wavelengths below 500 nm \[[@CR19]--[@CR21]\]. Xenon lamps with a comparable irradiance also have a high risk potential \[[@CR22]\].

To keep the generated oxidative stress in the retina at a safe level, it is important to determine the total radiant exposure *H*~e~ with insurable and imputed hazard. Studies on retinal damage mostly performed using in vivo models \[[@CR18], [@CR23]\] revealed that with blue light, e.g. at a total radiant exposure of 20 J/cm^2^ \[[@CR23]\], irreversible damage can occur. A standard for determining intraocular illumination sets 10 J/cm^2^ as a guide value not to be exceeded \[[@CR10], [@CR24]\].

However, when the power of lighting systems is determined, no attention is paid to the anatomical structure of the eye, which has a very special optical geometry similar to a sphere \[[@CR25], [@CR26]\].

Following the guidelines, the irradiance of an illumination system is measured in aqueous solution at a defined distance to a detector surface \[[@CR10], [@CR24]\]. Inside a sphere, however, an electromagnetic wave (light) can be reflected several times. Therefore, it is possible that a defined area is not only irradiated by direct light but also by indirect lights through multiple intraocular light-tissue interactions. As a result, the incident radiant exposure could increase and a safe guide value would be reached more quickly. Measuring the intensity outside the eye, e.g. during an approval procedure, might result in lower irradiation values, compared to the actual intraocular irradiation and therefore pose an unintended higher risk to the retina during medical treatment.

This hypothesis will be examined in the following in ex vivo porcine eyes.

Methods {#Sec2}
=======

Illumination System {#Sec3}
-------------------

Employed was the light source of the Accurus Surgical System version 600 DS from Alcon Laboratories Inc. (Fort Worth, TX, USA) with a halogen lamp. For intraocular illumination, two different endoilluminators were utilized to investigate different angular radiation profiles. A hand-held 23G wide-field endoilluminator from Geuder (GH; Fig. [1](#Fig1){ref-type="fig"}a, b) and a 23G spotlight endoilluminator from Alcon (AH; Fig. [1](#Fig1){ref-type="fig"}c, d) were adduced. Both were implemented using a 23G trocar from Alcon.Fig. 1Endoilluminators with two different angular distribution profiles in air (*n* = 1.0) and 0.9% NaCl solution (*n* = 1.33). In **a** (air) and **b** (water), a handheld 23G wide-angle endoilluminator from Geuder (GH) is illustrated. In **c** (air) and **d** (0.9% NaCl solution), a 23G spotlight endoilluminator from Alcon (AH) is imaged. The radiation angles are smaller in water

For the irradiance on a defined surface, the radiation angle of the emitter is relevant. Since this angle can change during the transition between two optical media (Snell's law), it is important to measure in a medium that has the same refractive index as in the later application. Here the measurements were performed in 0.9% NaCl solution (*n* = 1.33).

Specimen Material {#Sec4}
-----------------

For intraocular measurements, porcine eyes of a local slaughterhouse were adduced. Five eyes with a blue iris and nine eyes with a brown iris were selected to investigate potential differences between levels of pigmentation. The measurements were taken on the day of the enucleation. The porcine eye model was chosen because healthy human fresh enucleated eyes were not available due to ethical guidelines. Porcine eyes are an approved model in ophthalmic research \[[@CR27]\] because the anatomical composition is very similar to that of humans. All institutional and national guidelines for the care and use of laboratory animals were followed.

Measurement Setup {#Sec5}
-----------------

An optical fiber with diffuser tip (Thorlabs, CFDSB20, NA = 0.37) was used to measure the intraocular irradiance. This fiber was selected for its feature to detect light from every angle in the range of ± 90° almost equally. The normalized angle profile for white light branches between 0° and 90° with a minimum detection of 70% (Fig. [2](#Fig2){ref-type="fig"}).Fig. 2Normalized sensitivity of the detection fiber with diffusor tip (Thorlabs, CFDSB20, NA = 0.37)

To determine the irradiance *E*~e~ by a fiber, it was calibrated using an appropriate lamp. The emission spectrum was measured by the spectrometer SensLine AvaSpec 2048 XL of Avantes BV (The Netherlands), using the software AvaSoft 8.4. The fiber and the spectrometer were calibrated with a calibration lamp (LH-100F-UV) of Gigahertz Optik GmbH (Germany). To guarantee the same angle of incidence in intraocular and reference measurements, an optical bench was set up.

To measure the intraocular irradiance *E*~intra~, the samples were placed in the optical bench and fixed posteriorly to the macula using an incision lance. The lance was removed and only the trocar remained. With the fixation in the optical bench, the trocar was reproducibly positioned in the eye. A 23G trocar was positioned in the macular region. The sensor was inserted in this trocar, protruding 1 mm from the trocar. In this setting, the total distance from the sensor tip to the retinal surface was 2 mm. A second 23G trocar was fixed to the optical bench to guide the sensor fiber and to adjust the angle of the fiber tip to the retinal surface.

A second 23G trocar was placed in the pars plana area and the endoilluminators were inserted through this trocar. The distance to the measuring fiber was defined by the distance to the guide trocar (Fig. [3](#Fig3){ref-type="fig"}). The distances 2, 4, 6, 8 and 10 mm from the measuring fiber were adjusted to record the course of the irradiance with increasing distance to the retina. The second purpose for the guiding trocar was to define the distance between the emitter and detector tip (Fig. [3](#Fig3){ref-type="fig"}). The reference irradiance *E*~ref~ measurements were acquired in 0.9% NaCl solution.Fig. 3Measurement setup for intraocular and reference measurement of the irradiance *E*. The irradiance was measured by an optical fiber with a diffusor tip (Thorlabs, CFDSB20, NA = 0.37). The diffusor tip enables the detection of irradiation with an angle of incidence more than 180°. The angular-dependent sensitivity is always 70% for ± 90°. The reference irradiance measurement is performed without a probe in 0.9% NaCl solution and 40° to the 0° axis

To calculate a theoretical radiant exposure *H*~e~ for comparison of the results, a hypothetical exposure time of 1 h was selected. This is the time of the standard to reach a classification in group 1 for illumination systems \[[@CR10]\].

Statistical Analysis {#Sec6}
--------------------

The mean values and the standard deviations were calculated for the defined distances to the detection tip. A correlation was determined for each measuring series. To determine the error of the ratio *Q*~intra/ref~ between intraocular and reference irradiance, the error propagation was calculated.

In order to investigate and test the suspected effects, the data was examined for statistical significance with IBM SPSS Statistics (version 24). The surveys were examined for normal distribution, to check the requirements for *t* tests \[[@CR28]\] and the Welch test \[[@CR29]\]. To examine the difference between intraocular and reference irradiance, the Welch test was selected. The Welch test was also adduced to determine the difference in intraocular irradiance between eyes with blue and brown irises. The paired *t* test was used to examine the irradiances in the same samples with different endoilluminators. Finally, the Cohen coefficients d and r for effect size \[[@CR30]\] of differences between the mean values were calculated for each test.

Results {#Sec7}
=======

Hand-held 23G Spotlight Endoilluminator (AH) {#Sec8}
--------------------------------------------

The results of the intraocular measurements (*E*~intra~) with the AH endoilluminator were significantly higher (*α* = 0.05) than the results of the reference measurements (*E*~ref~) for all 5 measured distances to the retina from 2 to 10 mm in the porcine eyes (Table [1](#Tab1){ref-type="table"}, Fig. [4](#Fig4){ref-type="fig"}a). Comparison of intraocular and reference irradiances using the Welch test showed *t* values between 5.84 and 8.48 and, consequently, all *p* values were \< 0.001.Table 1Results of the spotlight endoilluminator from Alcon (AH) and of the wide-field endoilluminator from Geuder (GH)Endoilluminator typeAHGHDistance to the diffusor tip\[d\] in mm246810246810*E* ~intra~\[*E*~intra~\] in mW/cm^2^106.8737.0217.6410.597.2430.2613.697.594.973.51SD\[*E*~intra~\] in mW/cm^2^15.886.492.451.881.134.542.061.210.780.58MSE\[*E*~intra~\] in mW/cm^2^4.241.740.660.500.301.210.550.320.210.15*E* ~ref~\[*E*~ref~\] in mW/cm^2^69.5425.3312.467.625.0918.599.855.713.902.68SD\[*E*~ref~\] in mW/cm^2^2.030.570.290.130.221.490.520.430.280.11MSE\[*E*~ref~\] in mW/cm^2^1.170.330.170.080.120.860.300.250.160.06*Q* ~intra/ref~--1.541.461.421.391.421.631.391.331.271.31Δ*Q*--0.270.290.230.270.280.370.280.310.290.27*t* (*df*)--14.5113.8414.3813.5814.9811.1513.8410.0910.0114.97*t* value--8.486.627.655.846.617.856.124.614.054.93*p* value--0.0010.0010.0010.0010.0010.0010.0010.0010.0020.001*d*--4.453.564.033.173.424.703.292.902.562.55*r*--0.910.870.900.850.860.920.850.820.790.79The table illustrates the intraocular irradiance *E*~intra~ and the reference irradiance *E*~ref~ at distances of 2, 4, 6, 8 and 10 mm from the diffusor tip. *Q*~intra/ref~ represents the ratio between the intraocular irradiance *E*~intra~ and the reference irradiance *E*~ref~. The values *t*, *p* and the degrees of freedom *t* (*df*) are selected to calculate the values *d* and *r* according to Cohen \[[@CR30]\]. *SD* standard deviation,*MSE* mean squared error Fig. 4Intraocular irradiance *E*~intra~ and reference irradiance *E*~ref~. **a** Describes the results of the spotlight endoilluminator from Alcon (AH). The intraocular measurement results are higher compared to the reference ones. **b** Illustrates the results with the wide-angle endoilluminator from Geuder (GH). The intraocular measurement results are higher than the reference approach

The investigations of the effect size of the differences of the mean values according to Cohen revealed very high values of *d* and *r*. The *d* value, based on the *t* value and the degrees of freedom *t* (*df*) were 3.17 \< *d* \< 4.45 (0.85 \< *r* \< 0.91).

The resulting ratios *Q*~intra/ref~ revealed the values of 1.54 ± 0.27 for 2 mm, 1.46 ± 0.29 for 4 mm, 1.42 ± 0.23 for 6 mm, 1.39 ± 0.27 for 8 mm and 1.42 ± 0.28 for 10 mm (Fig. [5](#Fig5){ref-type="fig"}a).Fig. 5Ratios of intraocular and reference irradiance depending on the distance to the retina. **a** Plots the results of the spotlight endoilluminator from Alcon (AH) and **b** the results of the wide-angle endoilluminator from Geuder (GH)

Hand-held 23G Wide-field Endoilluminator (GH) {#Sec9}
---------------------------------------------

The results of intraocular irradiance *E*~intra~ with the wide-angle probe (GH) were also significantly higher (*α* = 0.05) in all five positions than reference irradiance *E*~ref~ (Table [1](#Tab1){ref-type="table"}, Fig. [4](#Fig4){ref-type="fig"}b). The resulting *t* values were between 7.85 and 4.05. The *p* values were \< 0.002 (Table [1](#Tab1){ref-type="table"}).

The effect size index *d* with the wide-angle probe (GH) results in a very high effect with 2.55 \< *d* \< 4.70 (0.79 \< *r* \< 0.92), as presented in Table [1](#Tab1){ref-type="table"}.

Comparison of Spotlight and Wide-field Illumination {#Sec10}
---------------------------------------------------

The differences between the two endoilluminators (AH and GH) using the same light source (*α* = 0.05) were also significant at distances from 2 to 10 mm from the diffusor tip or 4 to 12 mm from the retina (Table [2](#Tab2){ref-type="table"}).Table 2Results of the comparison between the illumination with AH and GH endoilluminators for the same light source in the same eyesmm*t* (*df*)*t* value*p* valuedz*r*21316.020.0014.280.9841311.490.0013.070.9561313.500.0013.610.978139.740.0012.600.94101310.060.0012.690.94The comparison was calculated with a paired *t* test with SPSS and the effect size index *d* of Cohen \[[@CR30]\]

Comparison of Blue and Brown Irises {#Sec11}
-----------------------------------

Between eyes of different pigmentation, no significant difference of intraocular irradiance could be detected. The examination whether the intraocular irradiance differs in eyes with different iris colorations and thus different pigmentations revealed no significant differences.

All *p* values for AH and GH were higher than 0.150. According to Cohen, effect sizes were calculated (0.2 \< *d* \< 1.0), but all corresponding values for *r* were below 0.5.

Radiant Exposure *H*~e~ of One-Hour Exposure Time {#Sec12}
-------------------------------------------------

The results of the intraocular and reference irradiance were selected to calculate the radiant exposure for every position. The resulting intraocular and reference radiant exposures are illustrated in Table [3](#Tab3){ref-type="table"}. Thus, the values were calculated by the irradiance *E*, and the intraocular and reference radiant exposure resulted in the same ratio as the irradiance.Table 3Radiant exposure for intraocular and reference irradiance by an exposure time of 1 h with the spotlight endoilluminator from Alcon (AH) and of the wide-field endoilluminator from Geuder (GH)Endoilluminator typeAHGHDistance to the diffusor tip\[d\] in mm246810246810*H* ~intra~\[*H*~intra~\] in J/cm^2^384.72133.2963.5238.1326.07108.9449.2927.3117.8812.64SD\[*H*~intra~\] in J/cm^2^57.1823.388.836.764.0616.357.414.342.812.09MSE\[*H*~intra~\] in J/cm^2^15.286.252.361.811.094.371.981.160.750.56*H* ~ref~\[*H*~ref~\] in J/cm^2^250.3691.2044.8727.4518.3166.9135.4520.5614.049.66SD\[*H*~ref~\] in J/cm^2^7.302.051.060.480.785.351.891.541.000.40MSE\[*H*~ref~\] in J/cm^2^4.221.180.610.280.453.091.090.890.580.23The table also includes intraocular radiant exposure *H*~intra~ and the reference radiant exposure *H*~ref~ at distances of 2, 4, 6, 8 and 10 mm from the diffusor tip. *SD* standard deviation, *MSE* mean squared error

Discussion {#Sec13}
==========

The comparison of the intraocular irradiance *E*~intra~ and the reference irradiance *E*~ref~ resulted in significantly higher values for the intraocular irradiance at distances of 2, 4, 6, 8 and 10 mm to the diffusor tip (+ 2 mm to the retina).

The resulting radiant exposures always revealed higher results than the safe guide of 10 J/cm^2^ for intraocular illumination (Table [3](#Tab3){ref-type="table"}) \[[@CR10]\], except for one measured value (GH *H*~ref~: 10 mm). In all these positions, damage of the retinal tissue would be possible \[[@CR23]\] for a 1-h application.

Our results support the hypothesis that the partially spherical geometry of the eye increases the radiation on the surface compared to a reference setting. Pigmentation of the eyes had no significant influence on these results, because the pigment is located in the RPE cells and therefore behind the retina. Therefore, the reason for this increased radiation should be light surface interaction. This measurable effect is presumably a complex interplay between reflection, transflection and scattering. We also demonstrated that different radiation characteristics of endoilluminators resulted in different radiation intensity onto the retina. A spotlight generated higher local irradiance compared to a wide-angle light.

The radiant exposures leading to irreversible damage of the retina are usually measured in vivo \[[@CR18]--[@CR21], [@CR23]\], but illumination systems are characterized in reference settings. Therefore, the specified guide values \[[@CR10], [@CR24]\] could be assumed to be too low.

Surgeons must be careful not to exceed the maximum recommended exposure time. Our measurements suggest that even this time does not mean absolute safety for the retina, as there is a higher radiation exposure in the eye than in the measurement setup for the recommendations. In addition, intraoperative situations occur in which the light source is brought closer to the retina and, in consequence, the radiation exposure increases exponentially.

In fact, the use of the light sources in duration and distance during the operation depends on the intraoperative necessities. For the calculation of the radiation exposure in the eye, many of the parameters are variable.

The difficulty therefore lies in measuring the actual intraoperative radiation exposure of the retina. This depends on the light intensity (radiant power in *W*), the distance of the light source from the retina (*d* in mm), the exposure time (*t* in s), the angle of incidence, the light spectrum and, as described in this paper, the light surface interaction on the retinal surface (indirect light exposure). The determining factor is the distance between the illuminating tip and the retina. And the irradiance is square-dependent on the distance. So, halving the distance from the retina results in a quadrupling of the irradiance.

With a defined distance and defined light intensity, the irradiance (*E* in W/cm^2^) can be calculated for a defined area (cm^2^). In the standards for intraocular illumination \[[@CR10], [@CR24]\], the distance of 15 mm is estimated for endoilluminators. In this condition, a safe exposure time can be calculated.

In real life, the distance of the light source follows the needs of the operation. For a chandelier light, the value of 15 mm is probably representative, whereas for a spotlight and a wide-angle light, 15 mm is probably too high.

Conclusion {#Sec14}
==========

Our results show for all situations in the eye that the exposure to radiation on the retina is 1.5 times higher than in the reference setting. Therefore, the anatomy of the eye should be considered when calculating the maximum exposure to endoilluminators.
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